Distinct contribution of acoustic and optical phonons in light-induced lattice transformation was resolved at different time scales by monitoring the insulator-to-metal phase transition in epitaxial and nonepitaxial VO 2 films. Applying the ultrafast angle-resolved light scattering technique we demonstrate a significant influence of internal misfit strain in epitaxial films on subpicosecond phase transition dynamics. This technique also allows for observing a contribution of structural defects in the evolution of the transient state. The ultrafast structural phase transition dynamics is discussed in terms of the Ginzburg-Landau formalism. Using a set of experimental data we reconstruct the thermodynamic potential of photoexcited VO 2 and provide a phenomenological model of the ultrafast light-induced structural phase transition.
I. INTRODUCTION
Vanadium dioxide is a classic example of a ferroelastic material that undergoes first-order insulator-to-metal transition (IMT) at temperature T c = 341 K [1] . The transition is accompanied by structural change [2, 3] from low-temperature monoclinic (M 1 structure, space group C 5 2h ) [4, 5] to hightemperature rutile (R structure, space group D 14 4h ) [6] lattice symmetry. Owing to strong electron correlations, the phase transition dynamics of VO 2 is a very complex process. Crystallinity and internal strain significantly alter the width and tilt of thermal hysteresis and can shift the temperature of IMT by several degrees above or below the T c point of stoichiometric unstrained VO 2 crystal [7, 8] . Numerous theoretical approaches have been developed to describe VO 2 phase stability. While some models explain the metal-insulator transition in terms of the Mott-Hubbard mechanism of correlation gap opening [9] [10] [11] [12] , other approaches consider band models with Peierls instability [13] [14] [15] or describe it by combining both mechanisms [16] [17] [18] . Moreover, all these substantially different approaches provide fairly close qualitative and quantitative explanations of VO 2 physical properties. Therefore, in order to better understand the actual mechanisms of IMT in VO 2 , along with theoretical approaches, new experimental methods are required to track the process dynamics.
While the IMT of VO 2 can be induced by heat, this transition can be also initiated or altered by strain [8, [19] [20] [21] [22] , electric current [23] [24] [25] , by doping with different metal ions [26, 27] , by THz radiation [28] , and by light [29] [30] [31] [32] [33] [34] . The investigation of ultrafast photoinduced processes in phase-change materials is of special interest since methods of ultrafast spectroscopy can potentially track electron and phonon lattice dynamics separately. Existing theoretical models provide a satisfactory description of ultrafast dynamics of photoexcited VO 2 [35] [36] [37] . However, these models also reveal the great complexity of the problem, and the general picture of evolution for electronic and lattice subsystems is still poorly understood. The problem of the nature of photoexcited states remains open. In most cases, experimental and theoretical studies assume for simplicity only the photogeneration of dense electron-hole * sergiy.lysenko@upr.edu plasma but neglect the possibility of excitonic and polaronic states in VO 2 .
As shown in numerous works [22, [38] [39] [40] [41] [42] [43] [44] [45] , the photoinduced IMT in VO 2 depends on incident light intensity, wavelength, and also on film crystallinity, structural defects, and internal strain. Recent studies indicate that the ultrafast structural phase transition (SPT) is likely to be triggered by a screening of electron correlations on the subpicosecond scale [34, 36, 46, 47] . The study of ultrafast response in VO 2 by Mayer et al. [28] shows that the subpicosecond nonthermal IMT of VO 2 can also be induced by a strong THz pulse. Since the THz excitation does not produce direct photodoping, the proposed model of the IMT involves carrier tunneling in the presence of strong THz field. We note that the utilization of strong THz field for triggering and monitoring the IMT in VO 2 is of special interest since it can provide new information about bonded electronic states, cooperative effects and the possible presence of polaronic states [10, 48] , and their role in structural and electronic properties of VO 2 .
In this paper, we demonstrate a comprehensive approach describing the pathways of photoinduced first-order structural transition in VO 2 versus the optical excitation level, material strain, morphology, and structural defects. The discussion starts by presenting a semiclassical computation (Sec. II) of vibration density of states and adiabatic relaxation of kinetic energy on the subpicosecond time scale. We apply a method of molecular dynamics (MD) which neglects electronelectron correlations and, therefore, simulates the actual case of photoinduced screening of the correlations. In order to better understand the results of MD computation and to find relations between different degrees of freedom of ultrafast structural dynamics, we performed the experimental study of VO 2 with techniques described in Sec. III. In Sec. IV we report on the experimental results of time-resolved transmission, reflection, and angle-resolved light scattering within nanosecond, picosecond, and subpicosecond time scales. We show a noticeable influence of photoacoustic strain on nonlinear optical (NLO) dynamics of VO 2 on the nanosecond time scale. Then, applying the time-resolved light scattering technique, we observe a grain-size-dependent phase transition on the subpicosecond time scale at different levels of optical excitation.
The dynamics of photoinduced SPT shows a considerable anisotropy for epitaxial VO 2 film due to influence of the misfit strain. The evolution of the excited state depends on the size of VO 2 grains/domains and on concentration of structural defects. In Sec. V we summarize our experimental data and present a phenomenological model of ultrafast structural dynamics of VO 2 . Our modeling is based on the numerical integration of the equation of motion for the effective displacement of lattice ions in terms of Ginzburg-Landau formalism.
II. SUBPICOSECOND MOLECULAR DYNAMICS
Recent progress in experimental and theoretical studies of phase transition in VO 2 evidences that the screening of electron correlations is a key factor which triggers the SPT [12, 18, 34, 36, 46] . Photoinduced metallization of VO 2 occurs during the light pulse interaction, showing Mott-type behavior with possible band-gap collapse on a time scale less than ∼60 fs [46, 49] . Nevertheless, the total structural transformation of VO 2 lattice from monoclinic to rutile symmetry is slower with durations ranging from ∼80 fs to several hundred femtoseconds [39] or even several picoseconds [50] [51] [52] , depending on the level of optical excitation, wavelength, and morphology of the sample. In this context, the transient lattice distortion can be modeled by using semiclassical computational methods of molecular dynamics (MD) which neglect electron-electron correlations. We note that the MD method does not permit computation of exact lattice dynamics during SPT, but provides a meaningful estimation of quantitative parameters of these dynamics [i.e., root-mean-square (rms) atomic displacements, vibrational density of states, kinetics of energy relaxation, etc.].
To compute the MD we used the QUANTUMWISE software package [53] . The method of MD employs the BornOppenheimer approach with semiclassical ReaxFF (reactive force field) potential which describes interactions between all atoms [54, 55] . This approach significantly reduces the computation cost and allows analyzing large atomic clusters. ReaxFF potential consists of various potential energy functions, including Coulomb and van der Waals interactions, which provide accurate descriptions of bond breaking and bond formation. A full description of these functions can be found in Ref. [54] . Each ReaxFF function is based on an appropriate many-body expansion and is obtained from solving the Schrödinger equation for fixed positions of the nuclei [56] .
The ReaxFF method retains nearly the accuracy of quantum mechanical calculations [54, 55] . However, it neglects electronelectron correlations. Therefore this method is very promising to simulate the lattice dynamics for the case when electronelectron correlations are screened by photoexcitation of a dense electron-hole plasma.
VO 2 is a strongly correlated oxide and electron correlations play an important role in stabilization of the low-T monoclinic VO 2 lattice. The semiclassical method of MD provides an estimation rather than the actual trajectory of the lattice transformation, where the final structure corresponds to an equilibrium uncorrelated structure of VO 2 which is neither monoclinic nor rutile. Therefore, taking the real "correlated" structure of VO 2 as the input for MD calculations, we obtain the evolution of correlated to uncorrelated VO 2 structure. The method of MD does not use an external "excitation."
To apply the concept of MD, we assume that the ultrafast photoexcitation produces only screening of electron-electron correlations, while all other physical characteristics of VO 2 remain unchanged.
Upon photoexcitation of VO 2 , the lattice transformation within the subpicosecond time scale is considered as an adiabatic process, where the energy exchange with the surroundings is neglected. As the input parameters for the MD calculation we use only the initial temperature and cluster of vanadium and oxygen atoms constructed according to VO 2 lattice parameters. Initial velocities of atoms were set according to the Maxwell-Boltzmann distribution, and the calculation was performed for adiabatic relaxation with a constant number of particles, volume, and total energy of the system.
To model the photoinduced lattice dynamics, the initial lattice parameters of the monoclinic VO 2 (M 1 ) unit cell were taken from experimentally obtained data in Ref. [5] : a m = 5.7517Å, b m = 4.5378Å, c m = 5.3825Å, and the angle between a m and c m axes is β m = 122.646
• . The MD computation was performed for a VO 2 (M 1 ) cluster of 20 217 atoms at temperatures T = 15 K and T = 313 K. In order to reduce the random component of atomic motion, the main calculations were performed for T = 15 K. To estimate the influence of oxygen vacancies on MD, additional calculations were performed for a VO 2 (M 1 ) cluster with 2.5% of vacancy defects randomly distributed inside the lattice. The 2.5% oxygen deficiency is close to the stability limits for the VO 2 structure. To compare MD of monoclinic VO 2 (M 1 ) and rutile VO 2 (R), we also calculated MD for a VO 2 (R) cluster of 49 152 atoms at temperature T = 385 K, slightly above the T c point. Crystal structure parameters for rutile VO 2 (R) were taken from Ref. [6] (a r = 4.53Å, b r = 4.53Å, c r = 2.869Å).
The computational study of adiabatic lattice dynamics reveals significant instability of the VO 2 lattice with monoclinic symmetry, while the rutile phase was found to be relatively stable. Figure 1(a) shows the time evolution of kinetic energy E kin and effective transient temperature T * for VO 2 (M 1 ) and VO 2 (R). The temperature T * was calculated from kinetic energy through the equation E kin = 3/2Nk B T *, where N is the number of atoms and k B is the Boltzmann constant. A comparison of kinetic energy evolution for monoclinic and rutile phases shows that E kin for VO 2 (M 1 ) increases within 900 fs by two orders of magnitude, from 45 to 2.29 × 10 3 cal/mole, while for VO 2 (R) this change is noticeably less. For VO 2 (R)E kin changes from 1.15 × 10 3 to 1.05 × 10 3 cal/mole: After a small drop it returns to nearly the same level. The dynamics of VO 2 (M 1 ) is more pronounced, and the increase of the temperature from T (0 fs) = 15 K to T (0 fs) = 313 K [ Fig. 1(b) ] does not noticeably affect the relaxation kinetics, but results in an increase of the final average level of E kin to 2.7 × 10 3 cal/mole (T * = 905 K). A significant difference in the relative change of E kin for the correlated low-T monoclinic phase and for the noncorrelated high-T rutile phase was a priori expected as the result of photoinduced screening of electron correlations, and eventually reliably confirmed by the ReaxFF-based MD simulation. Thus, a screening of Coulomb repulsion for noncorrelated rutile VO 2 does not provide a considerable change of E kin , while for the correlated low-T monoclinic phase the screening results in an instantaneous rise of kinetic energy followed by lattice instability. Also, this indicates that the electron correlations in the low-T phase are the major factor in stabilizing the VO 2 monoclinic symmetry.
The envelope of E kin (t) for t > 20 fs in Fig. 1 can be approximated by the function E 0 ± E 1 exp(−t/τ ), where E 0 and E 1 are fitting constants and τ is a characteristic relaxation time. The transient dynamics of kinetic energy shows nearexponential oscillatory decay with τ = 120 fs. This process is associated with elastic phonon-phonon scattering and randomization of the phase of coherent phonon oscillations. Moreover, this result strongly supports the estimation of characteristic time for the resonant elastic scattering of optical phonons on V-V dimers performed in Ref. [57] . The time τ = 120 fs is comparable to experimentally observed characteristic time of the fastest component of the photoinduced structural transition in VO 2 , which ranges from ∼80 fs to several hundred femtoseconds [39] . Therefore, it is very likely that the elastic phonon-phonon scattering in a highly nonequilibrium environment plays a significant role in the SPT dynamics, triggering the lattice transformation from monoclinic to rutile symmetry on the subpicosecond time scale.
The computation of VO 2 (M 1 ) lattice dynamics at lowtemperature T (0 fs) = 15 K results in an increase of the effective temperature up to T * = 768 K [ Fig. 1(a) ] which is very close to the Debye temperature of VO 2 (T D = 750 K) [58, 59] . This fact indicates a possibility of excitation of all vibration modes in high-T VO 2 [60] and, very likely, it contributes to structural instability of photoexcited low-T phase, even at initial temperature as low as 15 K. On the observed time scale the average kinetic energy approaches to E kin = 2.29 × 10 3 cal/mole. The difference between this energy and the energy which corresponds to the transition temperature T c * = 341 K (E kin = 1.02 × 10 3 cal/mole) is 1.27 × 10 3 cal/mole. It is noted that this value is very close to the latent heat of the phase transition experimentally obtained by Ryder [58] (1.02 × 10 3 cal/mole) and by Chandrashekhar et al. [59] (1.12 × 10 3 cal/mole). In terms of thermodynamics, this means that the photoinduced screening of electronelectron correlations triggers an exothermic reaction which guarantees the thermally induced phase transition of VO 2 , even if the initial temperature of the sample is near absolute zero.
Additional analysis of the VO 2 (M 1 ) cluster with 2.5% of oxygen vacancies shows that the structural defects slightly increase the kinetic energy released during the phase transition [ Fig. 1(a) ], while the nonequilibrium dynamics remains nearly the same as for pure crystalline VO 2 . Therefore, it could be expected that the vacancies facilitate the ultrafast SPT. However, the MD calculations do not consider an influence of defects on the formation of specific localized electronic states which can significantly contribute in SPT dynamics. As a result, the real photoinduced dynamics in VO 2 with high concentration of structural defects can be more complex.
Figures 2(a) and 2(b) show the velocity autocorrelation function (ACF) and velocity probability distribution for vanadium and oxygen atoms, respectively. The velocity ACF shows oscillatory decay within ∼500 fs. This behavior indicates initial coherent atomic motion, but coherency eventually vanishes in ∼500 fs. Within this time scale the rms displacement of all atoms [i.e., weighted average rms value for V and O atoms; Fig. 2(c) ] shows some oscillatory behavior, approaching the value of 0.32Å with respect to initial position. While the rms displacement is not, strictly speaking, an order parameter η c (effective displacement of lattice ions during photoinduced SPT), it compares well with the value of η c = 0.26Å obtained recently by van Veenendaal for ultrafast SPT in VO 2 [37] . Therefore, it is reasonable to expect a correlation between these two values within ∼500 fs.
The vibrational density of states (DOS) for the VO 2 (M 1 ) cluster was computed by Fourier transform of the atomic velocities [61] . Figure 3 shows the DOS computed within 1-ps time scale for all atoms and for O and V atoms separately. Additionally, DOS was calculated for the lattice with 2.5% of oxygen vacancies. The presence of structural defects results in smearing of sharp resonance peaks, but the overall spectrum of vibrational DOS remains the same. MD computation clearly shows two broad resonances of optical phonons with maxima at 6.2 THz (25.6 meV) and at 17.7 THz (73 meV). The VO 2 lattice oscillations near 6 THz were observed in several previous studies [32, 33, 39, 43, 49, 62, 63] . The second resonance was clearly observed by Kübler et al. in Ref. [32] . Thus, the calculated spectrum of vibrational DOS is fully supported by the experimental time domain and THz spectroscopy data.
III. EXPERIMENT
Several high quality epitaxial and nonepitaxial VO 2 films with substantially different morphology, different thicknesses, domain structure, and in-plane oriented crystallites were synthesized. VO 2 films with thicknesses of 30 nm, 50 nm, 80 nm, and 100 nm were grown by pulsed laser deposition (PLD) technique on amorphous SiO 2 and single crystal Al 2 O 3 (C-cut and A-cut sapphire) substrates. An excimer KrF laser with 20-ns pulses of 248-nm wavelength, was used to ablate a rotating metallic vanadium (99.95% purity) target, using ∼4 J/cm 2 laser fluence. VO 2 films were grown at 30 mTorr pressure in the PLD chamber, in oxygen and argon atmosphere, with O 2 and Ar flow rates of 20 and 5 std. cm 3 /min, respectively. The substrate temperature was maintained at 550
• C. All samples were prepared at identical nominal conditions using the same protocol of PLD growth. Deposition of VO 2 on different substrates provided a variety of desired structures and morphologies of the material. The VO 2 films' phase, crystallographic orientation, and morphology was determined by x-ray diffraction (Bruker D8 Discover x-ray diffractometer) and atomic force microscopy (AFM, Park Scientific Instruments, Autoprobe CP). Only VO 2 films with the single monoclinic M 1 phase at room temperature were selected for the current study.
The synthesis of VO 2 on single crystal sapphire resulted in epitaxial films and relatively low concentration of structural defects [42, 64] . These films experience moderate misfit strain owing to lattice mismatch at the film/substrate interface [65] [66] [67] . As determined from the XRD data for VO 2 /Al 2 O 3 (A cut), the film's out-of-plane orientation is with its b m axis normal to the substrate surface. Additional azimuthal ϕ scans of the sample were performed to determine the in-plane orientation of VO 2 crystallites. It was found that the film a m axis is normal to the sapphire c axis [0001] . Therefore, the c m axis is also in the film plane.
For VO 2 deposited on the (0001) Al 2 O 3 (C-cut) substrate, the XRD reflection at 2θ = 39.8
• indicated that the (010) m planes are parallel to the substrate surface. Due to the threefold symmetry of sapphire around the c axis, the deposited VO 2 film is twinned, with orientation of the a m axis along three equivalent crystallographic directions of the substrate as [100] [42] . VO 2 films deposited on SiO 2 show only out-of-plane orientation, and are expected to have higher concentration of oxygen vacancies and other structural defects. The strong reflection observed at 2θ = 27.98
• for VO 2 /SiO 2 indicated that the (011) m plane is parallel to the substrate.
In the present study, the VO 2 films deposited on Al 2 O 3 (C cut) and SiO 2 substrates were used to observe the influence of photoacoustic excitations and structural defects on SPT. The 50-nm-thick VO 2 /Al 2 O 3 (C-cut) film was used to monitor fluence-dependent evolution of SPT on a picosecond time scale in order to reconstruct the thermodynamic potential of VO 2 in its nonequilibrium photoexcited state. The VO 2 /Al 2 O 3 (Acut) film was used to study the influence of misfit strain and structural anisotropy on SPT dynamics.
A Spectra-Physics Ti:sapphire femtosecond laser system was used as a source to induce and to monitor the phase transition dynamics of VO 2 at room temperature. The system generates light pulses with λ = 800 nm wavelength and 130-fs duration. Owing to the relatively slow recovery rate of nonepitaxial VO 2 /SiO 2 after optical excitation [68, 69] , to monitor SPT in these films the repetition rate of laser pulses was set to 200 Hz. To study epitaxial VO 2 /Al 2 O 3 films the laser repetition rate was set to 1 kHz. In this work, we performed different pump-probe transient reflection, transmission, and light scattering measurements. Depending on experimental geometry, the wavelengths of pump and probe pulses were λ = 800 nm or frequency-doubled λ = 400 nm by a BBO crystal.
The time-and angle-resolved hemispherical elastic light scattering (TARHELS) technique was used to study multiscale dynamics of photoinduced SPT in VO 2 . The scatterometer setup is illustrated in Fig. 4 . In all scattering measurements, the pump (λ = 800 nm) and probe (λ = 400 nm) pulses are overlapped on the sample surface at normal incidence and focused to a spot size of 0.7 mm and 70 μm, respectively. To prevent nonlinear interaction of probe pulse with the sample, its intensity was reduced by several orders of magnitude compared to pump pulse. Probe light was linearly polarized by a Glan-type prism GP. The polarization of pump pulse was set circular by quarter-wave plate λ/4. A computer-controlled optomechanical delay line was used to set a time delay t between pump and probe pulses with a resolution of 10 fs. Samples were placed at the focal point of the custom-built metallic elliptical mirror with 20-cm diameter aperture. The mirror was used to collect scattered light within the whole hemisphere over the sample surface and to project the image to a 16-bit charge-coupled device (CCD) [70] . Color filter F was used to filter out the pump wavelength light from the recorded image. Obtained scattering patterns were recalculated into indicatrices of bidirectional-scatter-distribution function (BSDF) versus polar θ and azimuthal ϕ angles or spatial frequency f of the surface. BSDF is the function with close resemblance to surface power spectral density, and it can be used for the surface analysis within "scatter prediction" approach [71] . Two amplified silicon detectors PD1 and PD2 were used to monitor transient total integrated scattering and reflection correspondingly. Detectors are conjugated with a gated data processor.
IV. RESULTS AND DISCUSSION
The light-induced SPT in VO 2 is a complex process which depends on excitation wavelength, fluence, and sample morphology. A laser pulse with fluence above the phase transition threshold (F 0 3 mJ/cm 2 ) induces ultrafast structural transition, accompanied by a noticeable change of optical and electronic properties of VO 2 . Therefore dynamics of the SPT can be tracked by monitoring transient reflectivity R(t), transmittance Tr(t) or light scattering I s (t). Figure 5 shows the typical evolution of the ultrafast light scattering signal (inset) upon photoinduced phase transition within ∼500 fs and also differential reflectivity (main panel) within several nanoseconds for an epitaxial 50-nm VO 2 /Al 2 O 3 (C-cut) film. Rigorous observation of the SPT in different samples by pump-probe optical techniques allows distinguishing several characteristic time scales for qualitatively different transient dynamics. These are time scales (i) up to ∼500 fs, (ii) between 500 fs and ∼40 ps [72] , and (iii) above ∼40 ps. In the next sections, we discuss the SPT and specific optical response for each time scale. We will address first the dynamics (iii) in Sec. IV A, then (i) in Secs. IV B and IV C, and finally (ii) in Sec. IV D.
A. The role of photoacoustic excitations in phase transition dynamics on nanosecond time scale
Using VO 2 films with different thicknesses and morphologies, it is possible to enhance and monitor specific nonequilibrium processes. The transient reflection and transmission both provide essentially the same information about the photoinduced phase transition in VO 2 . For 50-nm VO 2 /Al 2 O 3 film, the differential signal of transient reflection is much stronger as compared to the transmission. Therefore, to obtain higher signal-to-noise ratio, the NLO dynamics for this sample was studied in reflection geometry. On the other hand, for thicker, 100-nm VO 2 /SiO 2 film, the interference effects introduced some artifacts into the reflection signal. Therefore, for this sample reliable information about the phase transition dynamics was obtained from transmission measurements.
Figures 5 and 6 show a significant difference between two NLO processes for the nanosecond time scale, for 50-nm thick epitaxial VO 2 /Al 2 O 3 and for no-epitaxial 100-nm thick VO 2 /SiO 2 films. It was found that the VO 2 /Al 2 O 3 film switches into the metallic phase rapidly without noticeable posterior dynamics at F = 15 mJ/cm 2 . The recovery process back to the insulating phase starts at ∼1. after optical excitation. The NLO response within 1 ps for thinner (50 nm) VO 2 /Al 2 O 3 film was reliably observed only at F 3 mJ/cm 2 , while at lower fluence the increased noise significantly affected the measurement accuracy. For 100-nm-thick VO 2 /SiO 2 film the NLO response was much stronger. By plotting the NLO signal at 1-ps delay versus pump fluence for this sample, it was possible to derive accurately the threshold fluence F 0 , required to initiate the ultrafast SPT in VO 2 material [49] . Thus, Fig. 6(b) shows the normalized instantaneous change of transmittance | Tr(1 ps)/Tr(0)|, where the increasing optical excitation contributes to the rise of the optical transmission starting from a fluence of 3 mJ/cm 2 . This specific optical response indicates a qualitative change in NLO dynamics of VO 2 . As shown by O'Callahan et al. [49] , the threshold F 0 can vary for different VO 2 samples within a short range: from 2 to 6 mJ/cm 2 and, according to the literature [31] [32] [33] 50, 52, 73] , the fluence of 3 mJ/cm 2 compares well with the threshold values for the ultrafast phase transition in VO 2 . Therefore, in this study, we assume that the observed qualitative change of the NLO signal at fluence F 0 = 3 mJ/cm 2 is related to the threshold of the subpicosecond SPT of VO 2 .
At F < 3 mJ/cm 2 the subpicosecond NLO signal | Tr(1 ps)/Tr(0)| is nearly constant. Presumably, in this case the NLO response is related to photogeneration of dense electron-hole plasma in the film. However, on the longer (picosecond) time scale the transient transmission shows a decrease within the first 200 ps [ Fig. 6(a) ], associated with the SPT. Figure 6 (a) shows a striking difference in the pathways of phase transition dynamics for VO 2 /SiO 2 below and above the F = 6 mJ/cm 2 pump level. At lower excitation, the system recovers back into the initial insulating phase within several nanoseconds, while at higher excitation the recovery process does not start on the observed time scale, and the film is continuously switching into its metallic state. This transition is associated with nucleation and growth of metallic phase inside of photoexcited monoclinic VO 2 . Moreover, above F = 6 mJ/cm 2 the total SPT dynamics does not depend much on the excitation level, and the full recovery of the system occurs on the microsecond time scale, as shown in Fig. 6(c) for the fluence 9 mJ/cm 2 . Figures 6(a) and 6(c) show that the increase in the excitation level above 6 mJ/cm 2 to 9 mJ/cm 2 increases the characteristic recovery time τ R by more than two orders of magnitude: from τ R = 1.5 ns (F = 1.5 mJ/cm 2 ) to τ R = 200 ns (F = 9 mJ/cm 2 ). This evidences the major contribution of heat to the SPT on a nanosecond time scale at pump fluence above 6 mJ/cm 2 : The heat increases the film temperature above T c and, therefore, stabilizes the metallic phase. As a result, the recovery time depends only on heat sink into the substrate within several microseconds. However, it is very likely that at laser excitation below 6 mJ/cm 2 the average temperature of the film does not reach T c point and the system recovers rapidly, within several nanoseconds. We note that the repetition rate of the laser pulses was reduced to 200 Hz for all measurements of nonepitaxial VO 2 /SiO 2 film. This rate was sufficient to provide complete heat sink to the substrate and to prevent any possible accumulation of the heat in the film during the repetitive excitation of the sample.
The NLO dynamics of VO 2 /SiO 2 shows the complex behavior. For F = 1.5 mJ/cm 2 [ Fig. 6(c) ] it was possible to resolve oscillations with frequency ν = 4 × 10 9 Hz and with impulse response:
where A 0 , A 1 , and A 2 and time τ R are fitting constants and ϕ 0 is the initial phase. Taking into account relatively low frequency of observed oscillations, the oscillatory signal was assigned to photoacoustic material response.
The speed of the acoustic wave propagating across the film of thickness d can be estimated using the following equation [74] [75] [76] : v = 4dν. For d = 100 nm and ν = 4 × 10 9 Hz, one obtains the speed v = 1600 m/s. This value is less than half the speed of sound in single-crystal VO 2 (v = 4000 m/s) [77] . Such a large difference can be related to an amorphous structural component of the film as well as to possible change of mechanical properties of VO 2 in its photoexcited nonequilibrium state.
At the fluence F = 2.0 mJ/cm 2 the frequency of oscillations decreases to ν = 7 × 10 8 Hz [ Fig. 6(a) ]. This lowfrequency oscillatory response is difficult to associate with acoustic waves propagating in a normal direction to the film surface. Additional contribution into oscillatory dynamics can be produced by acoustic waves propagating in the lateral direction. According to AFM data [ Fig. 6(d) ], the grain size in the film ranges from 0.2 μm to ∼1 μm. Rough estimation shows that the acoustic wave with ν = 7 × 10 8 Hz can be excited within a large grain of size 1-2 μm.
In some areas of the film we observed a strong oscillatory signal with ν = 8 × 10 8 Hz and with 2% modulation of the sample transmittance, as shown in Fig. 6 (e). The signal is proportional to A 0 − A 2 | sin(2πνt + ϕ 0 )|. This distinct behavior may be assigned to photoacoustically driven ferroelastic SPT, where a standing acoustic wave modulates the strain field in the large VO 2 grain.
Obtained experimental data allows describing the lightinduced SPT of VO 2 in terms of the free energy difference G between insulating and metallic phases. The potential barrier G is a function of temperature T 0 at the phase boundary and actual temperature T , molecular latent heat q, number of molecules N , pressure p, and specific surface energy σ , and can be expressed as [78] 
where T = T − T 0 , s is the surface area of nucleating grain, domain or cluster, μ is the chemical potential related to the difference in the bonding of VO 2 molecules for metallic and insulating phases; p 0 is the equilibrium pressure at the thermodynamical phase boundary.
Heat and strain significantly contribute to SPT on the nanosecond time scale via changing G. Equation (2) provides a straightforward explanation of this dynamics. While the first term of Eq. (2) is related to the conventional contribution of heat, the second term is related to the photoinduced pressure and strain in the film. The photoexcitation decreases the binding energy difference N μ, increases lattice temperature via electron-phonon and phonon-phonon scattering, generates acoustic phonons and, as a result, alters G producing the SPT on the nanosecond time scale.
Since VO 2 /SiO 2 is a nonepitaxial film and is expected to have relatively high acoustic impedance and high thermal boundary resistance [68] , generated acoustic phonons should be confined inside the film and do not propagate into the substrate on the monitored nanosecond time scale. As a result, these phonons provide significant contribution into ferroelastic SPT. In contrast to VO 2 /SiO 2 , for epitaxial VO 2 /Al 2 O 3 films the photoacoustic response was not observed clearly due to lower acoustic impedance (see Fig. 5 ). Owing to the epitaxial nature of VO 2 /Al 2 O 3 , phonons leave the film volume rapidly without noticeable acoustic modulation of the optical properties. Nevertheless, a recent observation of phonon dynamics in an epitaxial VO 2 /Al 2 O 3 film by Abreu et al. [79] shows that the lowering of the sample temperature increases the signal-to-noise ratio and provides reliable detection of acoustic phonons.
B. Grain-size-dependent subpicosecond phase transition dynamics in the presence of anisotropic internal misfit strain As shown above (see Fig. 6 ) the strain field produced by photoacoustic wave in VO 2 plays an essential role in the light-induced SPT on the nanosecond time scale. According to recent studies of ultrafast light scattering [80, 81] , the influence of internal strain on the subpicosecond SPT dynamics of VO 2 is also significant. In order to obtain new information about how internal strain affects the femtosecond SPT, we used an 80-nm-thick epitaxial VO 2 /Al 2 O 3 (A-cut) film with anisotropic misfit stain.
Since the VO 2 film was deposited in its rutile phase, because of the growth temperature employed, the magnitude of misfit strain in the film can be obtained by considering the lattice mismatch between VO 2 (R) and sapphire √ 3a saph ≈ 3c r with a lattice mismatch of −4.2%. Both of these values imply that as the VO 2 (R) film grows on the A-cut sapphire substrate, it will be compressed in all directions along its surface. As the film is cooled to room temperature, strains will change, because of (i) the phase transformation and (ii) film-substrate thermal expansion mismatch. However, consideration of the VO 2 (M 1 ) lattice parameters and their orientation on the sapphire A surface shows that the relatively large strain values calculated above will be largely maintained.
To observe the influence of misfit strain on femtosecond SPT as a function of surface spatial frequency, we performed TARHELS measurements. These measurements provide spatial resolution of phase transition dynamics in differently 075128-7 oriented groups of domains, grains, and clusters [71] . To avoid experimental uncertainty owing to polarization-dependent excitation of VO 2 , we used a circularly polarized pump pulse.
The BSDF indicatrix of hemispherical light scattering by VO 2 /Al 2 O 3 (A-cut) film is shown in Fig. 7(a) . The anisotropy of the scattering pattern is caused by the texture of the epitaxial film [ Fig. 7(b) ] which is highly influenced by the single-crystal substrate. The photoinduced SPT at F = 12 mJ/cm 2 results in uniform decrease of light scattering intensity for all spatial frequencies. The cross sections of the scattering indicatrix at delay time t = 0 fs and t = 720 fs [ Fig. 7(c)] show that the profile of BSDF distribution versus spatial frequency f remains unchanged during the SPT. Moreover, the relative transient change of the scattering signal BSDF(t)/BSDF(0) [ Fig. 7(d) ] does not show noticeable angular dependence or anisotropy. Thus, despite the epitaxial nature of the film, the excitation of the film at laser fluence F = 12 mJ/cm 2 produces simultaneous SPT with nearly the same rate in all VO 2 grains/domains with different spatial frequencies. These data show uniform and isotropic SPT at this level of optical excitation. Nevertheless, it was found that the SPT dynamics changes dramatically and becomes essentially anisotropic when the excitation reduces to the levels close to the threshold F 0 .
To enhance the influence of anisotropic misfit strain on SPT dynamics in VO 2 grains/domains with different spatial frequencies, the pump fluence was set near the threshold F 0 , at F = 7 mJ/cm 2 . As shown previously [32, 33, 43, 63] , the photoexcitation of VO 2 with relatively low fluence results in activation of coherent phonon mode at ∼6 THz. This allows us to observe clearly the influence of film morphology on amplitude and evolution of these oscillations.
Transient change of the scattering signal BSDF(t)/BSDF(0) obtained for the same VO 2 /Al 2 O 3 (Acut) film shows strong oscillatory behavior [ Fig. 8(a) ] associated with photoexcitation of active Raman modes in monoclinic VO 2 due to stretching and tilting of V-V dimers [32, 33, 43, 62, 63] . In the central part of scattering indicatrix, the amplitude of oscillations is relatively high, but it decreases at larger polar angles and the transient signal decays rapidly. Due to epitaxial orientation of the film, oscillatory response of grains/domains contributes to symmetric diffraction pattern outlined by dashed rhomb in the center of scattering indicatrix.
The cross section of the BSDF(t)/BSDF(0) indicatrix at two azimuthal directions ϕ = 215
• and ϕ = 0 • [ Fig. 8(b) ] reveals anisotropy in the evolution of coherent lattice oscillations which accompany the SPT. The dashed line in the figures separates two mainly different areas for the SPT process. Taking into account the essentially nonlinear dynamics of photoexcited VO 2 , the dashed line defines a set of time points when the character of structural dynamics changes qualitatively. For VO 2 structures with higher spatial frequencies the SPT occurs faster, while for structures with f 1.95 μm
• a monotonic phase transformation does not start on the monitored time scale. This behavior evidences the size-dependent and anisotropic SPT dynamics, which rate depends on size and orientation of VO 2 grains/domains in the film. The strong dependence of BSDF(t)/BSDF(0) oscillations versus spatial frequency is attributed to the influence of the misfit strain on thermodynamic potential of photoexcited VO 2 . The detailed description of this potential will be given in Sec. IV D. Different strain in VO 2 grains/domains of different size and orientation alters as shown in Fig. 9(b) . As a result, the same level of photoexcitation switches these grains/domains into different excited states. In consequence, nonequilibrium dynamics of VO 2 becomes grain-size dependent. It is important to note that at certain scattering angles we were able to resolve oscillations with nearly doubled frequency ∼2ν 0 . Figure 10 Fig. 9(a) . We note that similar oscillations with the frequency ∼2ν 0 were previously resolved by multiterahertz spectroscopy [33] (12 THz) and by transient reflectivity technique [43] (10 THz).
C. Subpicosecond phase transition in the presence of structural defects
The influence of structural inhomogeneities on transient optical properties was observed for 30-nm-thick nonepitaxial polycrystalline VO 2 /SiO 2 film. In contrast to epitaxial VO 2 /Al 2 O 3 (A-cut) film, for VO 2 /SiO 2 the oscillations of scattering signal were not resolved. It is very likely that the oscillatory signal is suppressed owing to fluctuation of the initial phase of lattice oscillation in different grains and domains, because of significant randomness in orientation and distribution of VO 2 grains on the surface, as well as the relatively high concentration of structural defects in the nonepitaxial film. At a laser excitation well above the transition 075128-9 
threshold (F = 15 mJ/cm
2 ) the scattering signal shows the monotonic rise at θ > 70
• (f > 2.35 μm −1 ) [Figs. 11(a) and 11(b)]. We note that a similar rise of the signal was observed also for epitaxial VO 2 /Al 2 O 3 (A-cut) film [ Fig. 7(d) ], however, with much lower relative intensity. This behavior is different from the dynamics at lower optical excitation shown in Figs. 8 and 10, and is not related to coherent excitation of optical phonons. As will be shown below, this signal originates from growing optical inhomogeneity in the film.
Taking into account the evolution of the dielectric constant during the IMT from ε i 7.4 + i5.5 to ε m 4.7 + i5. 46 for probe wavelength λ = 400 nm [83] , the scattering cross section of VO 2 should decrease by ∼35%. This estimation is consistent with ∼20% drop of the scattering signal in Fig. 7(d) . We note that the optical constants significantly depend on film morphology and concentration of structural defects, and the scattering signal can decrease by a low percentage only. Nevertheless, at excitation levels well above the threshold F 0 , light scattering cannot increase for pure VO 2 and does not show any signature of "transition opalescence" on the subpicosecond time scale, as shown in Refs. [80, 84] . However, Fig. 11 Fig. 11(a) ] at different time delays show the rise of the scattering signal above f = 2.35 μm −1 (θ = 70 • ). This behavior can be interpreted as a consequence of increased local optical inhomogeneity in the film, and cannot be assigned to the uniform change of dielectric constant as VO 2 switches from an insulator to metal.
The transient optical inhomogeneity can originate from several major factors: from structural defects of vanadium dioxide and inhomogeneous nucleation of VO 2 sites or from film twinning and geometrical reconstruction of the surface. As shown above [Figs. 7(c) and 7(d) ] and in Refs. [80, 84] , the ultrashort light pulse induces uniform SPT in all VO 2 grains of the thin film and does not modify the surface morphology on the picosecond time scale. Therefore, it is proposed that the most probable origin for the transient increase of scattering signal at the relatively high optical excitation of F = 15 mJ/cm 2 is the presence of structural defects (presumably oxygen vacancies) in smaller grains with spatial frequencies f > 2.35 μm −1 . The nonepitaxial growth of VO 2 on SiO 2 substrate results in a quite disordered structure with numerous oxygen vacancies and other pointlike defects. The concentration of structural defects is higher in the smallest grains of the film [86] , and it is very likely that the grains with f > 2.35 μm −1 also contain inclusions of VO x (1 x 2.5) oxides [87] , other than VO 2 . Thus, VO 2 would undergo the phase transition upon light illumination, while VO x would remain in the same phase or show different nonlinear optical response as compared to VO 2 . As a result, the system disorder rapidly increases as the VO 2 grains with high concentration of structural defects are switching into the metallic phase.
The MD calculations show that the presence of oxygen vacancies does not noticeably alter the kinetics of SPT [ Fig. 1(a) ]. This is consistent with experimental data obtained for nonepitaxial VO 2 /SiO 2 film with higher structural disorder (Fig. 11) , as compared to epitaxial VO 2 /Al 2 O 3 (Fig. 7) . Thus, the complete phase transition in VO 2 /SiO 2 occurs within the same time scale of ∼500 fs, as in the case of VO 2 /Al 2 O 3 . The phase transition rate within the full monitored range of spatial frequencies of the VO 2 /SiO 2 film was found to be nearly the same. However, these films, in contrast to epitaxial films, contain highly disordered structures with f > 2.35 μm −1 , where the transient signal rises up and has significantly increased noise [ Fig. 11(d) ]. It is very likely that this noticeable noise component is a signature of alteration of thermodynamic potential and SPT trajectories by structural defects in the smallest VO 2 grains with embedded VO x sites.
D. Picosecond lattice relaxation and thermodynamic potential
In this section, we discuss the nonequilibrium dynamics on a ∼40-ps time scale and perform quantitative reconstruction of the VO 2 thermodynamic potential versus photoexcitation level. For this study we used an epitaxial 50-nm VO 2 /Al 2 O 3 (C-cut) film which absorbs 75% of incident radiation and is sufficiently thin for uniform photoexcitation. distinctive components: instantaneous change of reflectivity within ∼500 fs and posterior evolution on picosecond time scale. While these two components were observed previously in numerous studies [31, 43, 50, 88] , most of the attention has centered so far in the femtosecond response of VO 2 . Both components of the NLO signal are related to light-induced phase transition in VO 2 grains, domains, and/or clusters. We also found that the slower (picosecond) component completely vanishes when the laser fluence exceeds ∼30 mJ/cm 2 . This result agrees with data obtained in Ref. [43] .
Taking into account observed NLO dynamics at different levels of optical excitation, we assume that at relatively low laser fluence, much below 30 mJ/cm 2 , not all VO 2 sites (i.e., domains, grains or clusters) are switched into the complete metallic rutile phase within ∼500 fs. However, their number increases with the pump level. As a result, the relative change of reflection [ Fig. 12(a) ] or transmission [Figs. 6(a) and 6(b)] also increases with the pump fluence. The rest of the VO 2 sites, which are not switched by light within ∼500 fs are still in monoclinic but nonequilibrium excited state. These sites can undergo the SPT on longer time scales, where the first-order transition is mainly triggered by electron-phonon and phononphonon scattering processes. These processes contribute into nucleation and growth of new rutile phase [57] .
The slower (picosecond) nonequilibrium dynamics of VO 2 within ∼40 ps depends on the laser excitation level. However, we did not find a noticeable dependence of the relaxation rate versus film thickness for different samples, as well as we did not detect oscillations of optical signal which could be assigned to acoustic phonon contribution on this time scale. In Ref. [72] , Brady et al. also found that the phase transition dynamics within a 40.5 ± 2-ps time scale is independent on sample morphology.
The structural transformation within several picoseconds involves electron-phonon and anharmonic phonon-phonon scattering processes which allow overcoming the potential barrier G(F ) between insulating (monoclinic) and metallic (rutile) phases. Increasing pump fluence decreases the difference N μ in binding energy for these phases and, as a result, reduces the barrier. The relaxation rate for the picosecond component of SPT can be determined by the following equation [78] :
where τ is the characteristic relaxation time and τ 0 is the shortest detectable relaxation time for this component of the SPT.
In this study, we performed a series of pump-probe measurements of VO 2 dynamics at different levels of optical excitation and then derived the time τ by an exponential fit of experimental data. We have obtained the relaxation times which compare well with the characteristic times obtained by Wall et al. [43] for similar processes in VO 2 /SiO 2 film. The rate τ −1 versus pump fluence is shown in Fig. 12(b) . These results can be well approximated by
with fitting constants A = 1.0 × 10 −2 cm 2 /(mJ s) and N = 1.65. The slowest relaxation process, with the rate τ −1 = 2.9 × 10 10 s −1 was still observed at pump fluence F = 1.4 mJ/cm 2 , which is slightly below the threshold F 0 for the femtosecond component of I-M PT discussed above. As the pump level increases to F max = 30 mJ/cm 2 , the slower (picosecond) component of the NLO signal vanishes, providing an upper limit for the rate of SPT τ Equations (3) and (4) yield the dependence of the potential barrier on pump fluence, Figure 13(a) shows the experimentally derived G versus the level of optical excitation. The fitting constant N in (4) and (5) can be interpreted as a constant which is proportional to the degrees of freedom and number of ions involved in the phase transition process. Recently, the phenomenological Ginzburg-Landau formalism [89] was successfully applied to describe the secondorder photoinduced phase transitions in several phase-change materials [90] [91] [92] [93] . In our study we extend this concept to the first-order SPT in VO 2 and consider a thermodynamic potential which depends on effective ion displacement η as
where α(F ), β, and γ are experimentally derived constants, and α(F ) > 0, β < 0, γ > 0. In order to describe the ultrafast structural dynamics of the VO 2 lattice caused only by electronic excitations and by scattering of optical phonons within several picoseconds, the contribution of transient photoacoustic stress was not included in the expression (6) . Using the experimentally derived potential we avoid the necessity to know exact details about the nature of photoexcited states and electronic mechanism of nearly instantaneous modification of by light with respect to the ground state. Using the experimentally derived G(F ) [ Fig. 13(a) ], we performed the reconstruction of the thermodynamic potential (see Supplemental Material [94] ). In the unperturbed state, it has two global minima at ±η c which correspond to two different domains. A VO 2 microcrystal resides only in one of these domain states. The inset in Fig. 13(a) shows the thermodynamic potential (6) as a function of effective ion displacement η for three different excitation levels. According to the Landau theory, the phase transition threshold corresponds to the case when minima of potential wells for different phases coincide.
In this study we consider the photoinduced screening of electron-electron correlations as a near-instantaneous process which occurs on a time scale comparable to or less than the duration of the femtosecond light pulse. Moreover, in 075128-12 our model we assume that only this process modifies the shape of the thermodynamic potential . Electron-phonon and phonon-phonon scattering processes can contribute only to the change of the energy of the ion subsystem, without altering the potential . In this scenario, right after the illumination of the material by a femtosecond pulse, the electronic state of VO 2 is changed by photoexcited free carriers and is characterized by a new thermodynamic potential . However, the positions of atoms remain unchanged due to the relatively slow response of the lattice to femtosecond photoexcitation. The corresponding initial states of VO 2 right after photoexcitation are marked on the diagram in Figs. 13(a) and 13(b) by dashed vertical arrows. Figure 13 shows that the minimum of the potential of photoexcited VO 2 no longer coincides with the minimum of the unperturbed ground state and, therefore, VO 2 is switched into a nonequilibrium state. The formation of the nonequilibrium state triggers the SPT. The quantitative modeling of subsequent structural dynamics will be given in Sec. V. Figure 13 (b) shows that at relatively low optical excitation, slightly above the threshold F 0 , the VO 2 system switches into an excited metastable state below the potential barrier G(F ). We note that the presence of the metastable state was directly observed previously in experiments on ultrafast electron diffraction [51, 52] . In this case, the SPT occurs during several picoseconds via anharmonic scattering of optical phonons. However, a subpicosecond above-barrier pathway for the potential in Fig. 13(b) is also possible if we take into account the fact that the broadband femtosecond pulse instantaneously produces resonant Raman oscillations of the VO 2 lattice [32, 33, 39, 49, 62] . These oscillations can provide additional kinetic energy to ions, sufficient to switch the system into an excited state above the potential barrier, as indicated by the vertical dashed arrow 2 in Fig. 13(b) . In this case, ion motion overcomes the barrier G(F ), and the structural phase transition occurs rapidly within ∼500 fs.
If the optical pulse excites the VO 2 system below the potential barrier G(F ) in the diagram, the SPT cannot occur due to tunneling through the barrier because of the relatively high mass of ion subsystem. However, additional energy of lattice vibrations, sufficient to overcome barrier G(F ), can be gained due to electron-phonon relaxation and due to anharmonic coupling of two or more optical phonons. The rate of anharmonic optical phonon scattering can be calculated using the equation obtained by Klemens [95] ,
where ω is the angular frequency of the phonon, M is atomic mass, a is atomic size, v is the speed of sound, γ is the Grüneisen parameter, andh is Planck constant. Parameter J ranges from 1 to 6 and corresponds to the number of different phonon scattering processes. Taking into account only single longitudinal-to-longitudinal phonon scattering, J = 1. The Grüneisen parameter was previously obtained only for rutile high-T metallic phase of VO 2 as γ a = γ b 2.0 and γ c 4.5 for a r , b r , and c r crystallographic directions, correspondingly [96] . In order to calculate the phonon scattering rate, we used the averaged value γ = 2.8, ω = 38 × 10 12 rad/s, and v = 4000 m/s [77] . Since the Klemens theory considers monoatomic solid such as Si, for the case of VO 2 we used the averaged value of atomic mass M = 4.6 × 10 −26 kg and atomic size a = 1.9Å. From (7) one obtains the rate τ −1 as = 1.3 × 10 11 s −1 . This value belongs to the range of experimentally obtained relaxation rates for the phase transition process [ Fig. 12(b) ] and, therefore, provides strong support for the proposed model of light-induced structural phase transition in VO 2 where anharmonic decay of optical phonons contributes to the picosecond SPT dynamics.
V. PHENOMENOLOGICAL MODEL OF ULTRAFAST STRUCTURAL DYNAMICS
The ultrafast solid-to-solid structural phase transition can be well described in terms of the phenomenological GinzburgLandau theory [89] [90] [91] [92] [93] . The oscillatory dynamics of VO 2 during the light-induced SPT is essentially nonlinear: It depends on pump fluence, film crystallinity, internal strain, and size of VO 2 grains and clusters. The metastability of phase-change material can be described by the thermodynamic potential [Eq. (6)]. Previously, it was shown experimentally that the thermodynamic potential of VO 2 includes at least two lattice distortions [50, 51, 97, 98] . However, in order to avoid possible ambiguities in the present study, we consider only a single generalized lattice distortion associated with lattice transformation from the monoclinic to rutile phase. Figure 14 shows the reconstructed potential for three different levels of optical excitation. These levels correspond to the threshold laser fluence F 0 = 3 mJ/cm 2 [ Fig. 14(a) ], moderate excitation at F = 10 mJ/cm 2 [ Fig. 14(b) ], and to excitation at F = 30 mJ/cm 2 when the potential well of monoclinic phase in the diagram vanishes [ Fig. 14(c) ].
The main pathways of lattice relaxation from monoclinic to rutile symmetry can be found by solving the motion equation for effective ion displacement η. This displacement is accompanied by photoinduced phonon oscillations with resonance frequency ν 0 = 6.1 THz (ω = 38 × 10 12 rad/s), as shown in Fig. 9 (a) and also reported in Refs. [32, 33, 39, 43, 49, 62, 63] . In terms of the microscopic theory of dynamic processes in structural phase transitions [99] , the equation of motion can be written asm
wherem is effective mass of ion subsystem and L is the kinetic coefficient. According to experimental data on photoinduced coherent phonon oscillations obtained by Wall et al. for the subpicosecond time scale [43, 63] , this coefficient increases with laser fluence. Substituting (6) in (8), we find
where g = L/2m corresponds to the damping of the vibrational modes,α = α/mω 2 ,β = β/mω 2 ,γ = γ /mω . We note that these damping constants are sufficiently close to the constants which can be derived from damping ratio obtained in Ref. [43] . The effective massm was estimated at the threshold fluence F 0 as m = 1.7 × 10 −25 kg using experimentally obtained constants for the potential (F 0 ) (see Supplemental Material [94] ).
As shown above, the characteristic time of SPT and, as a result, the kinetic coefficient depends on grain size. A presence of structural defects, local deformations, and inhomogeneous strains between domain boundaries or neighboring grains alters the profile of thermodynamic potential [ Fig. 9(b) ]. These factors, and also the resonant excitation of coherent optical phonons, can contribute into different pathways of the SPT dynamics upon optical excitation, as shown in Figs. 14(d)-14(i).
As was experimentally observed in this work, the optical signal related to the fastest component of the phase transition (i.e., rapid change of the optical signal within ∼500 fs) at threshold excitation level F 0 = 3 mJ/cm 2 is relatively small. However, as excitation increases, the amplitude of this signal asymptotically increases and approaches some constant level According to the model, at threshold fluence F 0 = 3 mJ/cm 2 the optical pulse excites the system below the potential barrier G which separates two phases [ Fig. 14(a) ]. Such excitation returns the system back to its monoclinic phase: The system does not overcome the G barrier and relaxes to the bottom of the potential well which corresponds to the excited (and also slightly distorted) metastable monoclinic phase. The corresponding trajectory in the ηη diagram [ Fig. 14(d) ] is a spiral dashed curve 1. The frequency of dissipative oscillations during this relaxation is nearly double the frequency ν 0 and is ∼12 THz [ Fig. 14(g) ]. It is important to note that very similar oscillatory dynamics with 11.2-THz frequency was experimentally observed in this study (Fig. 10) . Also, 12-THz and 10-THz oscillations were observed, respectively, by Pashkin et al. [33] and by Wall et al. [43] in the low-fluence regime. These facts strongly support the correctness of the model proposed.
Different trajectories of SPT in Fig. 14 are defined by different initial conditions during photoexcitation of the material. An additional contribution to the ultrafast SPT can be produced by the resonant Raman process. Coherent Raman excitation of the lattice is a nearly instantaneous process which occurs within the time scale of light interaction with the sample. This process can provide additional kinetic energy to the system, switching it to the phase trajectories 2-5 in Figs. 14(d) and 14(g). Trajectory 2 is a separatrix which corresponds to the case when the system passes a saddle point and can be switched either to the rutile or monoclinic phase. Trajectory 3 is the transition to the metallic rutile phase.
It is interesting to note the possibility of switching VO 2 into another domain state of the monoclinic phase. Separatrix 4 and trajectory 5 in Figs. 14(d) and 14(g) show the relaxation of VO 2 into the second potential well of the monoclinic phase, related to another domain state. Here we only mention this possibility which could be potentially observed [100] . However, this requires verification by additional rigorous experimental studies of photoinduced dynamics.
According to the model of SPT shown in Fig. 13 , the photoinduced screening of electron correlations is a nearly instantaneous process which alters only the thermodynamic potential. If the coherent Raman process is excluded from the consideration, the photoinduced screening does not change directly the position of ions, and does not provide additional kinetic energy and momentum to the ion subsystem. In this case the most probable trajectory will correspond to the trajectory with initial parameters η(0) = η c andη(0) = 0. Figure 14 (e) shows that this is a separatix (trajectory 2) for moderate excitation F = 10 mJ/cm 2 . That is, above F = 10 mJ/cm 2 the majority of phase trajectories lead to complete structural transition. This dynamics corresponds to subpicosecond SPT of mostly all volume of the material. This is supported by our experimental observations of the fastest The proposed model describes the ultrafast structural dynamics within several picoseconds after photoexcitation and agrees with numerous experimental observations of the SPT in VO 2 . In order to extend this model on the nanosecond time scale, the model has to include additional modulation of thermodynamic potential by acoustic strain as well as a growth of phonon entropy [101] .
VI. CONCLUSION
It was demonstrated that the photoexcitation of VO 2 enables various pathways and possibilities for transformation from its monoclinic to rutile symmetry. Resulting dynamics strongly depends on the excitation level, film morphology, internal strain, and strain induced by the optical pulse.
Semiclassical computation of molecular dynamics for VO 2 reveals significant instability of the monoclinic phase in the absence of electron-electron correlations. The computed dynamics of the VO 2 lattice shows its close resemblance to the experimentally observed transient NLO response of VO 2 on the subpicosecond time scale. The thermodynamic parameters obtained by the MD method show that the screening of electron correlations results in an exothermic reaction with saturation of the phonon spectrum at initial temperatures of VO 2 as low as T = 15 K. Also, calculations show the relatively small influence of structural point defects on kinetics of SPT. This was supported by experimental study of photoinduced dynamics of nonepitaxial films with a relatively high concentration of defects. Nevertheless, a presence of structural defects produces nonuniform metallic phase nucleation on the subpicosecond time scale.
On a few-picosecond time scale the structural phase transition can be considered as a nonthermal process. However, on the nanosecond time scale the thermal contribution to the transition becomes essential. It was also shown that photoacoustic stress can potentially induce a ferroelastic phase transition. Thus, the pronounced oscillatory signal which could be associated with alternating switching of the VO 2 phase by a photoacoustic wave was observed at frequency 0.8 GHz [ Fig. 6(e) ].
It was shown that the internal misfit strain in epitaxial film noticeably alters the rate of phase transition within ∼500 fs. For epitaxial films with anisotropic strain the phase transition rate depends on the size and in-plane orientation of VO 2 grains/domains. This evidences that the strain alters the potential energy landscape of photoexcited VO 2 and, as a result, changes the phase trajectory of ultrafast structural dynamics.
In this work, we proposed a technique for a quantitative reconstruction of the thermodynamic potential of photoexcited phase-change material. While it is rather an estimation of the energy landscape versus pump fluence, the obtained energy can be used for semiquantitative analysis and numerical modeling of photoinduced dynamics. We show that the modeling of ultrafast processes in VO 2 can be performed in terms of a phenomenological Ginzburg-Landau model. This model provides a reliable explanation of experimentally observed structural dynamics, where the phase trajectories depend on the excitation level. Thus, higher optical excitation above ∼30 mJ/cm 2 corresponds to complete structural transition of all VO 2 grains/domains into the metallic rutile phase within ∼500 fs. However, at lower excitations, grains/domains can be turned to long-lived the metastable monoclinic phase. The presented approach to model the photoinduced structural dynamics offers unique potential for the study of different phase-change materials. We discuss the reconstruction of the thermodynamic potential Φ for the case of photoinduced first-order phase transition. The potential Φ is considered as the Landau expansion of the free energy [1] for the effective displacement of lattice ions η in the following form
where α, β, and γ are constants, and α >0, β <0, γ >0, and α ≡ α(F ). The constant α can be considered as the quasiharmonic constant. β and γ are fourth-and sixthorder generalized constants. In Eq.
(1) we assume that α is the only constant which depends on the excitation fluence F . In this study we will find the constants α(F ), β and γ. 
η min and η max can be used to calculate the energy barrier ∆G which separates two structural phases of VO 2 ∆G = Φ(η max ) − Φ(η min ). Figure 2 shows the potential Φ at the threshold fluence F 0 for the structural phase transition of VO 2 . For this 
where the constants α 0 = α(F 0 ) and η 0 = η min at F 0 . The solution of (4) yields the relations between constants The constants β and γ are calculated according to (5) and (6) . These constants do not depend on excitation fluence F . The profile of the potential Φ at different levels of photoexcitation is altered only by the constant α(F ). In order to find the dependence of α versus F , the potential barrier was calculated numerically as a function of α. Then, these data were presented as α(∆G)
The function ∆G(F ) (Fig. 3) was obtained experimentally, as described in the main text of the paper. These data yield the dependence of the fluence versus the value of potential barrier, F (∆G). Thus, by calculating the α(∆G) and F (∆G) at the same values of ∆G one can obtain numerically the function α(F ).
α(∆G) F (∆G)
} =⇒ α(F )
As the function α(F ) is obtained, the potential Φ(F ) can be calculated at different pump fluences using the expression (1), as shown in Fig. 4 . For the ground state, the constant α(0) was estimated by extrapolation of the experimental data. We note that while the absolute values of constants α, β, and γ depend on the dimension of the displacement η, the reconstructed energy profile does not. If the value of the effective displacement of lattice ions η c for the ground state is known, then all constants can be easily renormalized.
The computation of molecular dynamics (MD) shows that the root-mean-square (rms) displacement of VO 2 atoms within the first 500 fs after photoexcitation is 0.32Å. Using this value as η c , one obtains η 0 = 0.29Å. While the rms displacement is not, strictly speaking, an order parameter of photoinduced structural phase transition, it compares well with the effective displacement of VO 2 ions (0.26Å) obtained recently by van Veenendaal [2] . Taking into account a proximity between these values within ∼500 fs, the value obtained by MD computation was considered as a reasonable estimation of the effective ions displacement η c for our study. Table I shows constants α(F ), β and γ, and energy barriers ∆G obtained for different levels of optical excitation. These constants were used for the modeling of the phase trajectories (Sec.V in the main text of the paper). For the photoexcited VO 2 , the most pronounced ∼6 THz oscillations of the optical signal have been observed at the threshold excitation in several experimental works [3] [4] [5] [6] [7] . In our study we obtained the frequency of 6.1 THz (ω=38.3×10 12 rad/s). Assuming that at the threshold level the quasiharmonic constant is α 0 ≃mω 2 , and also α 0 =251.92034 J/m 2 (see Table I for F 0 =3 mJ/cm 2 ), one obtains the effective massm=1.71×10 −25 kg. We note that this value is 2.4 times lower than the effective mass m=4.06×10 −25 kg of the ions involved in structural distortion, as used by van Veenedal in his theoretical work to describe the light-induced phase transition in VO 2 [2] . The discrepancy in the effective masses of the ion subsystem is related to the difference in the models and approaches applied to describe the nonequilibrium structural dynamics of VO 2 . 
